A new class of chiral phthalimides functionalized with aryl piperazines was designed anticipating their strong candidature for crystal engineering and technological applications. Five new phthalimides were synthesized, characterized and subjected to single crystal X-ray diffraction study that directed their noncentrosymmetric structures. Four phthalimides crystallized in P 2 1 space group with monoclinic crystal system, however, one was found to possess P 2 1 2 1 2 1 space group with orthorhombic system. The supramolecular architectures of phthalimide crystals were analysed by an approach based on consideration of energy of intermolecular interaction. The molecular hyperpolarizability (β) calculation for all the listed phthalimides indicated their promising candidature for NLO materials. Further, the crystalline form of all phthalimides was evaluated for their second harmonic generation (SHG) response. A significant response of 16.4 mV was measured for phthalimide possessing t-butyl substituent at the para position of 4-benzylpiperazine. This high SHG response may be attributed to the molecular chirality and helical supramolecular frameworks stabilized by C-H· · · O hydrogen bonds in the solid state. The current study attests chiral phthalimides possessing arylpiperazines as effective nominees to the area of crystal engineering and nonlinear optics.
Introduction
The area of nonlinear optics has attracted enough attention in the past three decades not only due to the numerous applications in optical modulation, second-harmonic generation, optical signal processing, optical switching, optical data storage devices, etc., but also owing to the fundamental research connected to the issues like charge transfer, conjugation, polarization and crystallization into non-centrosymmetric lattices.
1-4 A variety of systems including inorganic materials, organometallic materials, organic molecules and polymers have been studied for nonlinear optical (NLO) activity. 5 Among all these, neutral organic molecules are of much interest due to their chemical tunability and choice of synthetic strategies. Besides, organic molecules are comparatively less explored in terms of their technological applications. A number of organic π-conjugated molecules have been investigated with their function * For correspondence suitability as components in the hypothetical NLO materials. 4, 6 The flexibility associated with the structural modifications of organic molecules offers the possibility to fabricate tailor-made molecules and to fine-tune their properties for the desired applications. In addition, large optical susceptibilities, inherent ultrafast response times, and high optical thresholds of organic molecules make them a great deal of attraction over pure inorganic materials.
2, 7 Nonlinear optical efficacy of the organic materials is governed by their non-centrosymmetric structures, great hyperpolarizability (β) and their packing motifs in the solid state. 8 Organic molecules with long conjugation systems that usually exhibit high β values are certainly strong candidates in the area of non-linear optics. Regrettably, only a few organic molecules with high β values crystallized in non-centrosymmetric style, and even fewer of them are useful for NLO materials. 9 A number of methodologies have been employed to overcome this problem, viz., choosing pure enantiomers 10 using inclusion complexes. One of the methods to achieve non-centrosymmetry is to imply the chirality in the molecules. Such molecules are definitely non-centrosymmetric, and their second-order NLO response is therefore nonzero. 11 To date, the organic NLO materials are yet to find practical applications, 12 however, inorganic materials such as lithium niobate and potassium dihydrogen phosphate (KDP) are exclusively used in electrooptic devices. 13 Despite the tremendous progress in this area, rational design and synthesis of organic NLO crystals with non-centrosymmetric structures possessing high temporal and thermal stabilities remains a challenge. The presence of one or more chiral centres in a molecule helps to achieve non-centrosymmetric structure and this strategy has been employed to obtain new non-centrosymmetric materials.
14 Recently, we have explored the structural features and NLO properties of chiral phthalimides (I-III).
15 Phthalimides (I-III) shown in chart 1 were established as robust and encouraging synthons for the formation of supramolecular frameworks stabilized by C-H· · · O hydrogen bonding which reveals their significance in crystal engineering. 16 Phthalimide scaffold possesses a bit of peptide like character and shows π-acceptor site and also can take part in the formation of hydrogen bonds.
17, 18 The dipolar arrangements and aromatic nature of phthalimide structural motifs along with hydrogen bonding are the basis of supramolecular architectures. 18 The chirality is the only factor that guarantees a non-centrosymmetric lattice for symmetry reasons. 14 The chiral amino acid fragments were introduced in order to generate the chirality in phthalimides. 19 Herein, we present five novel chiral phthalimides (3a-3e) as an asset for the class of non-centrosymmetric organic materials possessing significant SHG Efficiency. The supramolecular architectures of phthalimides are investigated by an approach based on consideration of the energy of intermolecular interactions. This method allows the recognition of strongly bonded fragments of crystals which may be considered as basic structural motif (BSM).
Experimental

General synthetic procedure for compounds (3a-e)
To the solution of N-phthaloyl-L-amino acid (0.4 mmol) in dichloromethane (20 mL) , N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC·HCl) (0.6 mmol) and triethylamine (TEA, 1.6 mmol) were added and the contents were stirred at 0
• C for 15 min to secure homogeneous mixture. Subsequently, Hydroxybenzotriazole (HOBt) (0.6 mmol) was added to the reaction mixture and stirred for another 15 min at 0
• C. N-substituted piperazines (0.48 mmol) were added and the reaction mixture was further stirred for 24 h at room temperature. The solvent was evaporated under reduced pressure and the reaction mixture was extracted with ethyl acetate and water. The organic layer was concentrated and purified by column chromatography (ethyl acetate/petroleum ether, 4:6). Arylpiperazine based chiral phthalimides with significant NLO response 
Spectral Data
2.2a (S)-2-(1-(4-(4-bromobenzyl)piperazin-1-yl)-4-methyl-1-oxopentan-2-yl)isoindoline-1,3-dione (3a):
299 2.2b (S)-2-(1-(4-(4-fluorobenzyl)piperazin-1-yl)-4-meth- yl-1-oxopentan-2-yl)isoindoline-1,3-dione (3b):
2.2d (S)-2-(1-(4-(4-(tert-butyl)benzyl)piperazin-1-yl)-4-methyl-1-oxopentan-2-yl)isoindoline-1,3-dione (3d):
The title compound was obtained as a white solid. 
2.2e (S)-2-(1-(4-(4-fluorobenzyl
)piperazin-1-yl)-3-methyl- 1-oxobutan-2-yl)isoindoline-1,3-dione (3e):
Crystallographic Details
Crystals of compounds (3a-3e) were obtained by slow evaporation of solution of compound in ethylacetatehexane solutions. X-Ray diffraction experiments were performed using Oxford Xcalibur S diffractometer (MoKα radiation, graphite monochromator, CCD detector). All structures were solved by direct methods using SHELXL 97 program package. Positions of the hydrogen atoms were located from difference maps of electron density and refined using riding model with U iso = nU eq of carrier non-hydrogen atom (n = 1.5 for methyl groups and 1.2 for other H atoms). Crystallographic data, parameters of data collection and structure refinement are listed in Table S1 (See Supporting Information). The analysis of supramolecular architecture of the crystals under consideration was performed using an energetic approach suggested earlier. 20, 21 First coordination sphere of each molecule located in the asymmetric part of unit cell was determined as it was suggested before using "Molecular Shell calculation" option of Mercury program (version 3.1). 22 Energies of intermolecular interactions were calculated using Density Functional Theory with B3LYP functional [23] [24] [25] [26] [27] augmented by the D3 empirical correction for dispersion interactions 28 with def2-TZVP basis set. Values of interaction energies were corrected for basis set superposition errors using Boys-Bernardi counterpoise procedure. 29 All calculations were performed using ORCA program. 30 The analysis of the topology of intermolecular interactions in the crystal is based on vector properties of intermolecular interactions as it was described earlier. 20, 21 According to this approach intermolecular interaction between two molecules in the crystal may be described by vector originated in geometrical center of one molecule and directed toward geometrical center of second molecule. Length of this vector is calculated using the following equation:
Where R i is a distance between geometrical centers of interacting molecules, E i is the energy of interaction between these two molecules and E str is the energy of the strongest pairwise interaction in the crystal. Application of this approach makes possible to construct the energy-vector diagram or "hedgehog" of intermolecular interactions reflecting spatial distribution of intermolecular interactions of the basic molecule located in asymmetric part of unit cell with the molecules belonging to its first coordination sphere. This diagram or hedgehog represents image of the molecule in terms of intermolecular interactions in the crystal and it may be multiplied by all symmetry operations of the crystal structure giving general picture of the topology of intermolecular interactions in the crystal. Complete list of interaction energies is included in Electronic Supporting Information.
Results and Discussion
Computational details
In order to evaluate the non-linear optical response of newly designed phthalimides (3a-3e), certain electric response properties such as dipole moment, polarizability and hyperpolarizability (β) were predicted using B3LYP method with 6-31G(d,p) basis set using Gaussian 09W package. 31 The predicted values of dipole moment, polarizability and hyperpolarizability and their components are depicted in tables 1-3, respectively. The values were calculated here on the basis of finite field approach. 32 This approach indicates that the molecule when present in an external electric field, the energy of the system becomes a function of the electric field. The total static dipole moment μ, the mean polarizability α tot , the mean first hyperpolarizability β tot , using the x,y,z components, they are defined as:
(ii)
where, The hyperpolarizability is a third-rank tensor that can be described by a 3 × 3 × 3 matrix. The 27 components of the 3D matrix can be reduced to 10 components because of the Kleinman symmetry. 33 The B3LYP/6-31G (d,p) method calculated the polarizability and hyperpolarizability of the phthalimides (3a-3e) at static electric field. It is observed that the polarizabilities and first order hyperpolarisabilities of the studied molecules increase with planarity of the molecules as the substitution is increased. Overall, the results show that 3a would be the most reactive species among the studied molecules as well as exhibit the highest NLO responses on the basis of its calculated largest polarizabilities and first order hyperpolarizability followed by 3c, 3d, 3b and 3e in that order.
Synthesis and Spectroscopic Characterization
We have designed phthalimides possessing chirality and substituted with arylpiperazines anticipating their non-centrosymmetric structures enriched with NLO response. The synthetic strategy for new phthalimides is shown in scheme 1.
Compounds (3a-3e) were prepared from the reaction of N -phthaloyl-L-amino acids with corresponding piperazines in the presence of triethylamine (TEA). The reaction afforded 3a-3e as colorless solid in fair to good yield. The composition of new phthalimides was confirmed by spectroscopic techniques. Two characteristic bands at 1728 and 1638 cm −1 in the FTIR spectra of 3a-3e indicated two types of carbonyl stretching frequencies. The bands at higher frequencies are stronger and correspond to carbonyl groups present in isoindoline ring however; carbonyl group attached to the piperazine derivatives appeared at lower frequencies. In 1 H NMR spectrum, the signal for proton at the chiral carbon was observed as a double doublet at δ values ranging from 5.06 to 5.13 ppm. Phthalimide, 3e showed doublet at 4.64 having J value 10.08 Hz and peaks for protons corresponding to the piperazine were observed as two bunches. Piperazine protons appeared as bunches of four proton each as multiplet ranging from δ 2.36 to 3.67. Two distereotopic methylene protons adjacent to the chiral carbon of compounds (3a-3d) were found in the range 1.18-1.69 ppm. Peaks of aromatic protons of the isoindoline ring and piperazine linked aromatic proton were found from δ 6.98 to 7.84 ppm. The peaks were assigned with the aid of 2D NMR spectra (see Supporting Information). The UV-Visible spectra of 3a-3e showed λ max at ∼242 nm, which indicated their transparency in the visible region. The UV-Visible spectra are shown in supporting information ( Figure S21 in SI).
Molecular Structure
Results of X-ray diffraction studies indicate that all phthalimides (3a-3e) crystallized in non-centrosymmetric space groups. This confirms an existence of only one enantiomer in the crystals. All the listed phthalimides under consideration have almost the same conformation of central fragment (figure 1). Piperazine ring adopts chair conformation with deviations of the nitrogen atoms from the mean plane of the carbon atoms of cycle by ±0.61-0.67 Å. In all molecules the amide nitrogen atom N2 adopts a planar geometry and the N3 atom has a pyramidal configuration. Degree of pyramidality (estimated as sum of bond angles centered at the nitrogen atom) depends on substituent and the crystal structure. This value is slightly higher for structures 3a and 3b (338.6
• and 338.3
• , respectively) indicating smaller pyramidality of the nitrogen atom as compared to structures 3c, 3d, 3e (330.0-332.8
• ). Substituent at the N3 atom has an exo orientation in all molecules (values of the C-C-N3-C torsion angle are 171.7-179.8
• ). The carbonyl groups are co-planar to one of the N2-C bonds (the C-N2-C=O torsion angle is ±3.0-10.4
• ). The main difference in conformations of molecules under consideration is caused by different orientations of aryl ring (figure 1). It is observed that two orientations of phenyl ring with respect to piperazine cycle namely, -sc in 3a, 3b, 3e and +sc in 3c, 3d (the C(C16/C17)-N3-C19-C20 torsion angle is −53.7-−66.7
• and 73.6-75.6
• , respectively). The change of orientation of aryl group is accompanied by different angle of rotation of aromatic ring with respect to the N3-C19 bond (the N3-C19-C ar torsion angle is −74.3-−93.3
• for structures 3a, 3b, 3e and −120.6-−129.7
• for 3c and 3d).
Crystal structure
The C-H· · · O bonds have several important implications in many diverse areas of structural chemistry. Taylor and Kennard in 1982 came with a conclusive evidence of existence of C-H· · · O hydrogen bonds in crystals. 34 They showed that C-H· · · O contacts are electrostatic in nature and occur within certain distance (C· · · O, 3.0-4.0 Å) and angle (C-H· · · O, 90-180
• ) ranges. These types of interactions are frequently used in literature as non-conventional hydrogen bonding. 35 The analysis of interatomic distances in the crystals under consideration clearly indicates absence of any strong specific intermolecular interactions. Only weak C-H· · · O and C-H· · · π interactions are observed in the crystals 3a, 3c, 3d with H· · · O and H· · · C (π) distances in the ranges 2.45-2.68 Å and 2.82-2.85 Å, respectively. The crystal structure of 3b is stabilized by stacking interactions between parallel indole bicycles (the shortest C· · · C distance is 3.39 Å). The 3e crystal contains the very weak C-H· · · F interaction (H· · · F distance is 2.62 Å) and unfavorable H· · · H contact where distance between the hydrogen atoms (2.27 Å) is shorter than van der Waals radii sum (2.34 Å). 36 Thus, conventional approach to analysis of the crystal structures does not provide any information suitable for understanding of preferable motif of packing molecules in the crystals. Therefore, it is necessary to use another method for the analysis of supramolecular architecture of the crystals. Recently, 20, 37 it was suggested to use an approach based on energies and directionality of pairwise intermolecular interactions in the crystal.
In particular, this method was successfully applied for the analysis of crystals of unsubstituted fused hydrocarbons 20 where other approaches for analysis of the crystal structure have failed. Results of calculations for crystals under consideration demonstrate that all the crystal structures may be divided into three groups depending on location of the most strongly bonded dimers of molecules. In the case of structures, 3a and 3b, the dimers with the highest interaction energies form straight columns along b crystallographic axis (table 4, figure 2). Energy of interaction of the basic molecule (BM) located in asymmetric part of unit cell with two neighbors within the same column is −28.68 kcal/mol. However, interactions between neighboring columns are strongly anisotropic (figure 2). Energy of interaction of BM with molecules belonging to one column (−24.36 kcal/mol) is comparable with energy of interaction within column. Therefore, it is possible to conclude that a basic structural motif (BSM) of the crystal is double column formed by two single columns shifted with respect to each other (figure 2). This double column may be considered also as zig-zag single column where energy of straight interactions between molecules is slightly higher than energy of diagonal interactions. Thus, crystal structure of 3a represents packing of double columns containing the most strongly bonded molecules. Energy of intermolecular interactions of each molecule to neighbors within double column is 4.8-7.0 times higher than the energy of interaction to crystal 3b and 3e (figure 4) . Energy of interactions within double column is 6.0-7.6 times higher than energy of interactions to neighboring six double columns. However, in contrast to structure 3a the crystal 3b demonstrates considerably weaker trend to layered organization of double columns ( figure 5) .
However, the character of interactions between the molecules becomes different. The diagonal interactions within the double column are the strongest pairwise interactions in the crystal (table 4) while energy of straight interactions between molecules is significantly smaller (−2.22 kcal/mol). Therefore, basic structural motif in this crystal should be described as zig-zag single column rather than double column (figure 6). Energy of interactions between columns within this layer (−48.08 kcal/mol) is by 1.7 times higher than energy of interaction of molecules belonging to neighboring layer (−28.50 kcal/mol).
Different supramolecular architecture is observed for the crystals 3c and 3d (figure 7). In both cases it is observed that two pairs of the most strongly bonded dimers with close enough interaction energies were observed (table 4) . However, contrary to other structures, these dimers determine layers in the crystal which are parallel to (1 0 0) crystallographic plane. Energy of interactions of the basic molecules to neighbors within layer is by 3.1-3.7 times higher than energy of interaction of BM to molecules belonging to the neighboring layer. It should be noted that the dimers with the energies of interactions also form zig-zag columns along b crystallographic axis in structures 3c and 3d similar to 3e. However, these columns are strongly bonded with neighbors within layer. It should be noted that molecules 3c and 3d have slightly bigger substituents in the aryl ring. Therefore, it is possible to suppose that increase in size of this substituent leads to the transformation of columnar structure of crystal to layered.
SHG Measurements
In order to validate our computational results, the crystalline forms of 3a-3e were evaluated for SHG response by a modified Kurtz-Perry powder method. 38 The observed SHG response for all the phthalimides (3a-3e) is shown in chart 2. Phthalimides 3b and 3d crystallised in monoclinic system (P 2 1 space group) exhibited higher SHG values, 16.0 and 16.4 mV, respectively. However, compound 3e crystallized in orthorhombic system (P 2 1 2 1 2 1 space group) showed lower SHG value of 14.0 mV. Phthalimides 3c possessing trifluoro substituent showed lowest SHG value (13.2 mV). A significant value of SHG of 16.4 mV was recorded for 3d, which is higher than the reference, KDP (15.2 mV). The high response of SHG may be partly attributed to the high energy interactions forming zig-zag columns in the solid state of 3d. Secondly, the bulky tert-butyl substituent at the para position of arylpiperazine in phthalimide 3d generates push-pull character, which ultimately leads to the enhanced SHG response.
Thermogravimetric and differential thermal analysis (TGA-DTA)
In order to determine the thermal stability, thermogravimetric analysis (TGA) of 3a-3e was conducted and the plots are given in the supporting information ( Figures S16-20) . The thermal analysis of all the compounds was carried out using Perkin Elmer Diamond instrument. The heating was under nitrogen atmosphere at 10
• C/min. The onset of the decomposition of compounds lies in between 194
• C (for compound 3b) and 254
• C (for compound 3c). The DTA curve shows a major endothermic peak, which corresponds to the melting point of the compounds. At higher temperatures, decomposition process continues up to 600
• C with the removal of almost the entire compound as gaseous products. The sharpness of the endothermic peak shows good degree of crystallinity of the compounds. Out of these observations we can conclude that phthalimides are fairly stable.
Conclusions
In conclusion, we have introduced novel chiral phthalimides possessing aryl piperazines as a new class of non-centrosymmetric organic crystals. The incorporation of chiral amino acid linker may be attributed to the generation of non-centrosymmetric structure in the solid state. It was noticed that the nature of terminal arylpiperazines is crucial in the context of SHG response. The significant SHG response of phthalimide 3d may be attributed to the substitution at para position i.e., electron donating nature of t-butyl group. Chiral phthalimides have been investigated as promising candidates for helical supramolecular framework stabilized by hydrogen bonding as revealed by the energy of intermolecular interaction. The current study advocates this novel class of chiral phthalimides as a strong contender for future technology applications.
Supplementary Information
All additional information relating to characterization of the compounds such as NMR spectras ( Figures S1-S15 ), TGA-DTA plots ( Figures S16-S20 ), UV-Vis spectra ( Figure S21 ), supramolecular architecture of crystals presented as packing of molecules and hedgehogs of intermolecular interactions ( Figures S23-S27 ), Crystallographic data (Table S1 ), Geometrical parameters of intermolecular interactions in crystals (Table S2) and Numbering of dimers, symmetry operation of second molecule of dimer and energy of intermolecular interactions in dimers formed by the basic molecule in the crystals (Tables S3-S7 ) are given in the supporting information available at www.ias.ac.in/ chemsci.
